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ABSTRACT
A peculiar infrared ring-like structure was discovered by Spitzer around the strongly magnetised neutron star
SGR1900+14. This infrared structure was suggested to be due to a dust-free cavity, produced by the SGR Giant
Flare occurred in 1998, and kept illuminated by surrounding stars. Using a 3D dust radiative transfer code, we aimed
at reproducing the emission morphology and the integrated emission flux of this structure assuming different spatial
distributions and densities for the dust, and different positions for the illuminating stars. We found that a dust-free
ellipsoidal cavity can reproduce the shape, flux, and spectrum of the ring-like infrared emission, provided that the
illuminating stars are inside the cavity and that the interstellar medium has high gas density (nH ∼1000 cm
−3). We
further constrain the emitting region to have a sharp inner boundary and to be significantly extended in the radial
direction, possibly even just a cavity in a smooth molecular cloud. We discuss possible scenarios for the formation of
the dustless cavity and the particular geometry that allows it to be IR-bright.
Keywords: X-rays: stars — stars: neutron — stars: individual (SGR 1900+14) – dust – radiative
transfer
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1. INTRODUCTION
Strongly magnetized neutron stars (magnetars
Duncan & Thompson 1992; Thompson & Duncan
1993) are extremely powerful X-ray and soft gamma-
ray emitters, in particular under the form of large
flares. These flares might reach luminosities that in
our Galaxy second only Supernova explosions. In par-
ticular, magnetars emit a large variety of flares and
outbursts on timescales from fraction of seconds to
years, on a vast range of luminosities from 1038 to
∼ 1047erg s−1(Rea & Esposito 2011; Turolla et al.
2015). The most energetic events they ever emitted,
called Giant Flares, have been detected three times
in the past few decades, from three magnetars: the
Soft Gamma-ray Repeaters (SGR) 0526-66 on 1979
March 5 (Mazets et al. 1979), SGR1900+14 on 1998
August 27 (Hurley et al. 1999) and the last and more
energetic one on 2004 December 27 from SGR1806-20
(Hurley et al. 2005). All of them are characterized by
a very luminous initial spike (∼ 1044−47erg s−1), lasting
less than a second, which decays rapidly into a softer
tail (modulated at the neutron star spin period) last-
ing several hundreds of seconds (with luminosities of
∼ 1043erg s−1). The nature of the steady and flaring
high energy emission from these sources has been in-
triguing all along. In fact, magnetar’s X-ray luminosity
is in general too high to be produced by the pulsar rota-
tional energy losses alone, as for more common isolated
radio pulsars, and the lack of any companion star ex-
cludes an accretion scenario. It is now well established
that the peculiarities of these extreme highly magnetized
objects (1014−15Gauss) are related to the strength and
instability of their magnetic field, that at times might
stress the stiff neutron star crust (Thompson & Duncan
1995; Perna & Pons 2011), might rearrange itself lo-
cally in small twisted bundles, or disrupt and recon-
nect higher up in the magnetosphere producing large
ejections of particles. The ages of the ∼25 magnetars
known (see Olausen & Kaspi 2014), derived from their
rotational properties (tc ∼ P˙ /P ), indicate a young pop-
ulation, typically a few thousand years old. In three
or four cases there are reasonably accepted associa-
tions with Supernova Remnants (Gaensler et al. 2001),
as well as massive star clusters (Muno et al. 2006;
Eikenberry et al. 2001; Vrba et al. 2000).
SGR1900+14 is one of the youngest magnetars known
(∼1 kyr). A very prolific burster (Israel et al. 2008),
it is embedded in a cluster of very massive stars
(Vrba et al. 2000; Davies et al. 2009) and it is one
of the three magnetars which has shown a Giant Flare.
This magnetar was observed using all three instruments
onboard the NASA Spitzer Space Telescope in 2005 and
Table 1. Magnetar and close-by star properties∗
Star R.A. Dec Teff log (Lbol/L⊙)
[h min sec] [grad min sec] K
1900+14 19 07 14.33 09 19 20
A (M2) 19 07 15.34 09 19 21.7 3660 5.05
B (M1) 19 07 15.12 09 19 21.0 3750 4.91
∗ As derived by Davies et al. (2009).
2007 (Wachter et al. 2008). Surprisingly, these obser-
vations have revealed a prominent ring-like structure
(see Figure 1) in the 16µm and 24µm wave-bands, not
detected in the 3.6–8.0µm observations. A formal ellip-
tical fit to the ring indicates semi-major and semi-minor
axes of angular lengths ∼ 36” and ∼ 19”, respectively,
centred at the position of the magnetar SGR1900+14.
No equivalent feature was observed at radio or X-ray
wavelengths (L332MHz ≤ 2.7 × 10
29 d212.5 erg s
−1, and
L2−10keV ≤ 1.8×10
33 d212.5 erg s
−1; with d12.5 being the
distance in units of 12.5 kpc; Kaplan et al. (2003)).
The Spitzer images are dominated by the bright emis-
sion from two nearby M supergiants that mark the cen-
tre of a compact cluster of massive stars at a distance
of ∼12.5 kpc, believed to have hosted the magnetar
progenitor star (Vrba et al. 1996, 2000; Davies et al.
2009). The physical size of the ring at this distance
is ∼ 2.18 × 1.15pc, it has a temperature ∼ 80K (es-
timated using a realistic dust model: Draine 2003;
Wachter et al. 2008), and a flux of 0.4±0.1Jy and
1.2±0.2 Jy at 16 and 24µm, respectively (correspond-
ing to L(16µm)∼ 1.4 × 1036d212.5erg s
−1and L(24µm)∼
2.7 × 1036d212.5erg s
−1 Wachter et al. 2008). However,
the inevitable difficulties in the analysis of this faint
and complicated structure make these values rather un-
certain and preclude a detailed assessment of the true
ring morphology. The ring-like structure has been inter-
preted as due to illumination from nearby stars of a dust
free cavity produced by the Giant Flare (Wachter et al.
2008).
In this work we show the results of a series of radi-
ation transfer (RT) calculations performed with a 3D
dust radiative transfer code DART-Ray (Natale et al.
2014, 2015) aimed at reproducing the emission of the
infrared ring around SGR1900+14, assuming different
plausible distributions for the dust illuminated by the
nearby stars. In §2 we introduce our initial assump-
tions, method, and the RT calculations. Results and
Discussion follow in §3 and §4.
2. RADIATION TRANSFER CALCULATIONS
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Figure 1. Spitzer observations of SGR1900+14 at 16 and 24µm. The yellow circle shows the position of the SGR, while the
two black crosses mark the positions of the two M stars (for details on these observations see Wachter et al. 2008).
In order to set up radiation transfer models appro-
priate to reproduce the observed ring emission, we first
defined the distribution of stars and dust within the vol-
ume over which the RT calculations are performed (a
cube of size 10 pc). In this section, we describe how
this has been done given the constraints provided by
the observations. Specifically, in §2.1 the assumed ring
distance, physical sizes and fluxes are given. In §2.2 we
explain how the dust distributions have been defined. In
§2.3 we describe how we found the appropriate viewing
angles for the observer such that the projected ellipse is
approximately of the same size and orientation as the
dust emission ring. In §2.4 we show how we derived the
intrinsic 3D positions of the stars, relative to the mag-
netar, by using the constraint given by their projected
positions on the sky. Finally, in §2.5 we describe the
specific RT models we considered and how the RT and
dust emission calculations have been performed.
2.1. Ring distance, sizes and mid-infrared fluxes
We set up the size and geometry of the assumed 3D
dust distributions by comparison with the observations
(see Figure 1). We considered the distance measurement
of Davies et al. (2009), which found d=12.5 ±1.4 kpc
by using optical spectroscopy of the close-by stars. As-
suming d=12.5 kpc, the lengths of the projected ring ma-
jor and minor semi-axis are 2.18 and 1.15 pc. The major
axis of the ring is rotated by about 22 ◦from the R.A.
axis. We considered the integrated fluxes for the dust
ring in the mid-infrared as measured by (Wachter et al.
2008): F(24µm)=1.2±0.2 Jy and F(16µm)= 0.4±0.1 Jy.
2.2. Assumed ellipsoidal dust distributions
The observed 2D ring-like emission morphology ob-
served on the Spitzer data is compatible with being the
projection of a 3D ellipsoidal structure. We modelled
it with a thin ellipsoidal shell, a uniform dust distribu-
tion around an ellipsoidal cavity or a more complicated
distribution resulting from a stellar wind dust density
profile which has been internally depleted of dust. In
this section, we show how we have defined dust density
profiles representative of each of these cases. The three
profiles we have chosen should be considered as simpli-
fied representations of the complex dust distributions
determined by the physical processes plausibly giving
rise to the 2D ring we observe. Given the large uncer-
tainties on the details of these physical processes, we
could only assume simple shapes which qualitatively re-
produce the expected dust distributions.
The ellipsoidal surfaces, needed to define the above
ellipsoidal structures, are described by the following for-
mula for a constant normalized radius R:
R2 =
x2
a2
+
y2
b2
+
z2
c2
(1)
where a, b and c are the lengths of the three semi-
axis of the ”reference ellipsoid” with R = 1. If for a
given (x,y,z) we have R > 1 or < 1, the point (x,y,z)
belongs to an ellipsoidal surface which is either inside
or outside the reference ellipsoid (but it has the same
axis ratio). In order to consider the volume within an
ellipsoidal shell, that is, the volume embedded between
two ellipsoidal surfaces with different normalized radii,
4 G. Natale et al.
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Figure 2. Left panel: Sketch of the reference frames involved in the ellipsoid projection. The frame ”xyz” is the reference
frame where the ellipsoid is defined. The 2D frame x’y’ defines the observer plane, over which the ellipsoid is projected. The
line ”n” is the observer line-of-sight which is perpendicular to the observer plane and inclined by the angles θobs and φobs with
respect to the xyz reference frame. Right panel: Sketch showing the method to find plausible positions for the stars within the
3D reference frame xyz. For a given R.A. and Dec, a star can be located only on the line perpendicular to the observer plane
x’y’ and intersecting it in the point S with sky coordinates (R.A., Dec). Then, we parametrize the 3D position of the star in
terms of the distance ds from the magnetar (located in the origin of the 3D reference frame xyz). Geometrically, for a given
ds, the two possible points on the line where the star can be located correspond to the intersection of the line with a sphere of
radius ds centered on the magnetar.
we consider all the points (x,y,z) satisfying the following
relation:
√
|R2 − 1| < ∆R (2)
where ∆R represents the semi-width of the ellipsoidal
shell (in normalized R units). For the elliptical shell
distribution, the dust density is assumed to be constant
within the volume defined by Eq.2 and zero outside. For
the ellipsoidal cavity distribution, we assumed that the
dust density is constant for R > 1 and zero for R < 1.
Finally, for the stellar wind distribution, we assumed the
following dust density radial profile:
ρd(R) = ρd(Rd)
(
R
Rd
)2
if R < Rd,
ρd(R) = ρd(Rd)
(
R
Rd
)−2
if R > Rd
with Rd = 1. The wind density profile for R > 1 de-
creases as R−2 and thus resembles that expected in a
stellar wind with elliptical symmetry. The profile for
R < 1 is hard to predict theoretically, since it is due to
dust destruction processes with unknown parameters.
For the sake of simplicity, we assumed it rises as R2 un-
til R=1. The three types of density profiles we defined
are shown in Figure 3.
2.3. Derivation of the lines-of-sight reproducing the
ring apparent sizes
For all the above dust distribution profiles, the axis
lengths and orientation of the ring are determined by
the intrinsic lengths of the ellipsoid axis as well as by
three angles: two angles (θobs and φobs) which specify
the line-of-sight direction (see left panel of Fig. 2), and
one angle that specifies the orientation of the 2D refer-
ence frame on the observer plane. By ”observer plane”,
we mean the plane over which the ellipsoid is projected
(that is, simply the plane of the data map). The ellip-
soid projection is degenerate in the sense that different
combinations of the ellipsoid intrinsic parameters can
produce the same projected ellipse just by choosing ap-
propriate observer viewing angles.
In order to be able to predict the shape of the pro-
jected ellipse for arbitrary combinations of the ellipsoid
and observer parameters, we have used the formulae
derived by Gendzwill & Stauffer (1981, GS81, see sec-
tion ”Plane projections of a triaxial ellipsoid”, equations
25). Given an ellipsoid and the observer plane, these
authors derived analytical formulae for the projected el-
lipse by determining all the points on the observer plane
where the normal to the plane is tangent to the three-
dimensional ellipsoid. By using equations 25 of GS81,
we are able to predict the projected ellipse semi-axis and
orientation given the ellipsoid semi-axis a, b, c and the
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Table 2. Observers angle∗
b/a θobs φobs
[deg] [deg]
2 12.05 21.56
4 30.52 19.19
∗ Derived observer angles θobs and φobs, depending on
assumed b/a axis ratio and assuming b = c = 2.18 pc.
observer line of sight angles θobs and φobs
1. Then, in
order to handle the inverse problem of finding the com-
binations of the observer angles θobs and φobs that pro-
duce a projected ellipse with the same parameters of the
observed dust emission ring, we wrote an optimization
program which finds the right θobs and φobs for a given
combination of ellipsoid semi-axis a, b, and c. Specifi-
cally, we choose to fix the values of b and c to 2.18 pc,
the length of semi-major axis of the projected ellipse.
We then assumed b/a= 2 or 4. For these different com-
binations of ellipsoid parameters, we found the values of
θobs and φobs which allow to reproduce the shape and
orientation of the projected ellipse (see §2.1). The values
for θobs and φobs we derived are listed in Table 2.
2.4. Derivation of the intrinsic 3D positions of the
stars from their sky position
In all the RT models that we calculated, we placed
the magnetar at the origin of the 3D reference frame xyz,
since the magnetar appears at the centre of the projected
ellipse. For the two supergiant stars we had to find a
way to place them such that their projected position on
the observer plane coincides with their sky coordinates
R.A. and Dec (see Table 1). Because this is the only
constraint we have, each star can in principle be located
at any point on a line perpendicular to the observer
plane and intersecting the observer plane in (R.A., Dec),
as shown in the right panel of Fig.2. We parametrize the
position of a star along this line in terms of its distance
ds from the magnetar. As shown in Fig.2, for each value
of ds there can be up to two possible positions for the
1 The formulae in GS81 are written in terms of three rotation
angles θGS , φGS and ψGS (see Fig. 3 in GS81) which can be
connected to our definition of observer viewing angles θobs and
φobs in the following way:
θGS =
pi
2
φGS =
pi
2
− θobs ψGS = φobs −
pi
2
. (3)
By using the first relation, we force one axis of the 2D reference
frame on the observer plane to be the projection of the z-axis of
the 3D frame ”xyz”, where the ellipsoid is defined. In this way,
θobs and φobs are easily related to the angles φGS and ψGS in
GS81 using the second and third relation above.
Figure 3. The three types of density profiles used to model
the ring emission.
Table 3. 3D positions of the stars∗.
Geometry Star b/a ds R x y z
[pc] [pc] [pc] [pc]
IN A 2 1 0.61 -0.50 0.79 -0.35
B 2 1 0.58 -0.45 0.59 -0.67
IN A 4 1 0.58 -0.19 0.90 0.38
B 4 1 0.47 0.05 0.78 0.62
OUT A 2 3 1.58 -0.98 0.60 -2.77
B 2 3 1.54 -0.88 0.42 -2.84
∗ Derived 3D stellar positions (x,y,z) depending on the
assumed b/a axis ratio and the assumed distance ds of
the stars from the magnetar located in the centre of the
Cartesian reference frame. For each stellar position,
we also show the normalized radius value R which in-
dicates the position of the stars relative to the reference
ellipsoid.
star (but also just one or even none if ds is too small). If
two possible positions exist, one of the two is chosen as
location for the star. In Table 3 we show the positions
we derived for the stars assuming they are located at
different distances ds from the magnetar (that is, ds =
1 and 3 pc). These distances are chosen such that the
stars are either within the ellipsoidal cavity, or outside
it but not too far from its border. We call these two
types of star locations ”IN” and ”OUT” configurations.
2.5. 3D dust radiative transfer and dust emission
calculations
In order to calculate the dust heating from the
stars and the resulting dust emission, we used the
3D ray-tracing dust radiative transfer code DART-
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Ray (Natale et al. 2014, 2015). This code allows to
solve the 3D dust radiative transfer problem for ar-
bitrary distributions of dust and stars (see review of
Steinacker et al. 2013): it follows the propagation of
the light emitted by the stars within an RT model, in-
cluding absorption and multiple scattering due to the
dust. By calculating the variation of the light specific
intensity Iλ throughout a RT model, it also derives the
distribution of the radiation field energy density uλ(~x)
of the UV/optical/near-infrared radiation:
uλ(~x) =
∫
Iλ(~x, ~n)dΩ
c
(4)
From uλ and the dust density distribution, the dust
emission can then be calculated at each position. We
performed the dust emission calculation taking into ac-
count the stochastic heating of small grains (see e.g.
Draine 2003). This is important to consider since small
grains tend to not achieve equilibrium with the interstel-
lar radiation field and, heated by single photons carrying
energies comparable to their internal energies, experi-
ence large temperature fluctuations. Thus, taking into
account stochatical heating is important to correctly de-
rive the dust emission spectra in particular in the mid-
infrared. Unlike the equilibrium case, where a grain
is characterized by only one dust temperature, in the
stochastically heated case a grain has a certain proba-
bility P(T) to be at a certain temperature T. At each
position inside the RT model, the probability function
P(T) is calculated for each grain size a and composition
k following Voit (1991) (see also Natale et al. 2015).
The function P(T) depends on both the local value of
uλ and the grain absorption coefficient Q
abs
λ
(a, k). Once
P(T) is derived, the dust emission luminosity for a single
grain ǫλ(a,k) can then be calculated as:
ǫλ(a, k) = 4π
2a2Qabs
λ
(a, k)
∫ ∞
0
P (T )Bλ(T )dT (5)
where Bλ is the Planck function. The total dust emis-
sion at each position is derived after integration over the
grain size distribution (for each chemical species). Fi-
nally, by projecting the dust emission at each position
onto the observer plane and by convolving the resulting
maps to the instrument angular resolution (FWHM∼5.3
and 6 arcs for Spitzer 16 and 24µm), dust emission maps
can be derived as they would be obtained by an external
observer.
As input, DART-Ray just needs a 3D Cartesian adap-
tive grid where for each element the dust density and
the stellar volume emissivity are specified. Both dis-
tributed stellar emission and stellar point sources can
be included. We created input grids representing the
three types of dust distributions described in §2.2: an
ellipsoidal shell, an ellipsoidal cavity and a ellipsoidal
wind. As we already mentioned in §2.4, we assumed
b = c = 2.18pc and b/a=2 or 4. In the case of
the ellipsoidal shell dust distribution, we also assumed
∆R = 0.10. We chose this value for ∆R because it pro-
duces a dust emission ring with approximately the same
width of the observed ring.
To set the dust optical properties (absorption and
scattering efficiency, scattering phase angle parameter,
dust-to-gas mass ratio), we assumed the dust model
BARE-GR-S of Zubko et al. (2004) as implemented in
the TRUST dust RT benchmark project (Camps et al.
2015). In this dust model, the dust is composed by a
mix of silicates, graphite and PAH molecules (see Fig.
4 of Zubko et al. 2004, showing the size distribution of
each component). The abundance of each component
in the dust model has been chosen to match observa-
tional data for the average extinction curves, chemical
abundances and dust emission in the Milky Way.
To set the dust/gas density in the RT model, we as-
sumed several choices for the optical depth per unit par-
sec at 1µm which, assuming the dust model mentioned
above, correspond to a wide range of values for the hy-
drogen number density nH . Since the density can vary
within an RT model, the density values we will men-
tion hereafter refer to the density at the reference el-
lipsoid (that is, for R = 1). Because of the long time
required for a single RT/dust emission calculation (sev-
eral hours), the density values have not been varied au-
tomatically in order to minimize the disagreement with
the data but have been simply chosen in order to repre-
sent a typical diffuse interstellar medium (ISM) density
(nH=10cm
−3) as well as much denser medium (nH=100
and 1000 cm−3, see Table 4). The ring integrated fluxes
for the models with nH=1000cm
−3 are compatible with
the observed fluxes, as it will be shown in the next sec-
tion.
Following the procedure described in §2.4, we posi-
tioned the two M supergiant stars at either ds=1 or
ds = 3pc from the magnetar (the two stars are at same
distance from the magnetar but at two different 3D po-
sitions since they are projected in two different points on
the observer plane). We assume these stars are emitting
as blackbodies with effective temperatures and bolomet-
ric luminosities as found by Davies et al. (2009) (see
Table 1).
3. RESULTS
In this section we show the results we obtained for the
various assumed dust ellipsoidal distributions (see Fig-
ure 3), dust densities (defined by the 1µm optical depth
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Table 4. RT Model parameters and mid-infrared ring emission fluxes.
Ellipsoidal shell
STARS τ1µm/(1 pc) nH b/a F(16µm) F(24µm)
[cm−3] [Jy] [Jy]
IN 4.8×10−3 10 2 0.0031 0.011
OUT 4.8×10−3 10 2 3.2E-4 8.1E-4
IN 4.8×10−3 10 4 0.0014 0.0049
IN 4.8×10−2 100 2 0.024 0.056
IN 4.8×10−1 1000 2 0.28 0.98
Ellipsoidal cavity
IN 4.8×10−3 10 2 0.0027 0.011
OUT 4.8×10−3 10 2 – –
IN 4.8×10−2 100 2 0.028 0.11
IN 4.8×10−1 1000 2 0.36 1.35
Ellipsoidal wind
IN 4.8×10−1 1000 2 0.28 1.06
OUT 4.8×10−1 1000 2 – –
per unit length or, equivalently, the hydrogen number
density nH), the stellar positions (which can be in the
IN or OUT configurations) and the reference ellipsoid
axis-ratio b/a. The parameters of the calculated RT
models are shown in Table 4. In the same table we
also show the fluxes we measured for the dust emission
ring appearing on the 16 and 24 µm model maps. The
ring photometry has been taken on an elliptical aperture
containing the ring, in analogy to the measurement of
(Wachter et al. 2008) on the Spitzer maps. The 16µm
emission model maps, corresponding to all the RT mod-
els listed in Table 4, are shown in Figures 4, 5 and 6.
The variation of the parameters listed above has a clear
effect on the morphology of the synthetic maps and/or
on the total flux.
3.1. Ellipsoidal shell models
The first two panels on the left in figure 4 show the
maps obtained for the ellipsoidal shell RT model with
nH = 10 cm
−3 and b/a = 2 for the IN and OUT con-
figurations. As one can see, only the IN configuration
gives rise to a clear dust ring shape, while the OUT con-
figuration presents an additional bright feature within
the ring–like shape. Although this enhancement re-
sembles the one seen on the Spitzer maps, its nature
is very different. The enhancement on the data maps
appears at the position of the supergiant stars, it is a
PSF-convolved point source and it is much brighter than
the emission from the ring. Being much brighter than
the expected blackbody emission for those stars, this
emission is probably due to dust in the circumstellar
material around the M supergiants. On the other hand,
the bright feature observed in the OUT models is ex-
tended and shifted with respect to the position of the
stars. This emission is due to dust in the elliptical shell
that is closer to the stars located outside the shell and,
thus, heated more strongly by them.
The effect of modifying the b/a ratio, but keeping
the stars inside the cavity, can be seen from the middle
panel. Also in this case, although a dust ring is visible,
an emission enhancement with comparable brightness to
that of the ring is visible on the map. This is due to the
more elongated shape of the cavity where some parts
of the internal boundary of the cavity are significantly
more heated by the stars, thus causing this effect. In
terms of emission flux, in this model the integrated ring
flux is about a half of that of the model with b/a = 2 (al-
though the flux integrated over the entire map is higher).
More importantly, the change of total flux due to the
variation of b/a is too small to allow to reproduce the
observed fluxes while keeping nH = 10 cm
−3. This is
because the b/a ratio can be varied, realistically, only
within a rather small range of values (≈ 1− 10).
On the other hand, the dust density can in principle
be varied over a wide range of values and, thus, can give
rise to a substantial change in the total flux without
affecting the emission morphology. We performed cal-
culations with dust densities corresponding to nH=100
and 1000cm−3 for a model with b/a=2 and stars within
the cavity. As one can see from the right panels of Fig-
8 G. Natale et al.
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Figure 4. Synthetic dust emission maps at 16µm for the ellipsoidal shell models. The position of the stars is inside the dust
cavity for the ”IN” models and outside for the ”OUT” models. The dust emission is calculated by taking into account the
stochastical heating of the dust (see text). Units on the color bar are [MJy/sr]. The figure axis show the projected distance
from the magnetar in pc.
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Figure 5. Synthetic dust emission maps at 16µm for the ellipsoidal cavity model. Same description as in Fig. 4.
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Figure 6. Synthetic dust emission maps at 16µm for the ellipsoidal wind model. Same description as in Fig. 4.
ure 4 and the ring fluxes in Table 4, the predicted emis-
sion has the same morphology of the nH=10 cm
−3 model
but it is much more luminous. The dust emission SEDs
of the ring for these two models are shown in Fig. 7
(left panel). This plot shows that for the model with
nH=1000cm
−3 the fluxes we obtained are within 1.5σ
from those measured by (Wachter et al. 2008).
3.2. Ellipsoidal cavity models
We also performed RT calculations assuming a dust
cavity geometry, where the dust is uniformly distributed
outside the reference ellipsoid. This is expected in case
the flare from the magnetar simply caused dust destruc-
tion within the dust cavity and did not affect signif-
icantly the density of the surrounding medium (thus,
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there is no significant enhancement of the gas/dust den-
sity close to the border of the cavity in this case). For
nH=10cm
−3 and b/a =2, we calculated the maps for
the IN and OUT geometry. The corresponding 16µm
maps are shown in Figure 5. In both cases the emis-
sion is much more extended compared to that of the
shell models (which do not contain any dust apart from
that within the shell). However, the ring emission mor-
phology is clearly recovered only in the case where the
stars are inside the cavity. If the stars are outside, they
illuminate the dust close to them very strongly. The
emission from this dust dominates the emission seen
on the maps. Instead, the ring–like emission is barely
noticeable, with brightness close to that of the back-
ground emission. We point out that the bright dust
emission seen in this case is much more extended than
the point source emission seen on the data map at the
position of the stars. We also calculated higher den-
sity models (nH=100-1000cm
−3) for the IN configura-
tion. The maps shown in Fig.5 are characterized by a
higher surface brightness, compared to the calculation
with nH=10cm
−3, but a similar emission morphology.
The ring fluxes for the ellipsoidal cavity model and for
the IN configuration are listed in Table 4. These can be
compared with the ring fluxes for the corresponding shell
models with same parameters. As one can see, there are
some differences between the shell and cavity models
with same parameters, but the fluxes are similar. We
also show the ring dust emission SEDs for the highest
density models in Fig. 7 (middle panel). The cavity
model with nH=1000cm
−3 fits the observed integrated
dust emission within the data error bars. This shows
that both a thin dust shell and a dust cavity RT model
give similar results for the ring integrated fluxes and
morphology in the case that the stars are located inside
the cavity. Also, overall, the results we obtained from
the dust cavity models further suggest that the presence
of the stars (or other radiation sources) within the cavity
is a necessary requirement to recover the observed dust
emission morphology.
3.3. Ellipsoidal dusty wind models
The last geometry we explored for the dust is that ex-
pected in the case the dust around the magnetar is dis-
tributed as in a stellar wind (with elliptical symmetry)
and the dust has been only partially destroyed within
the cavity region. The assumed density profile rises un-
til the border of the cavity and then decreases as R−2
as shown in Sect.2.2. Given the previous results for the
shell and cavity model, we have run only RT calculations
assuming nH = 1000 cm
−3 at R = 1 for this model. The
results are shown in Fig. 6 for both the IN and OUT
configurations for the stars. In the case the stars are
located inside, the morphology of the ring is recovered
although not as clearly as we found before for some of
the shell and cavity models. There is substantial diffuse
emission coming from the regions enclosed by the ring.
Interestingly, a quite narrow and bright dust emission
appears at the position of the stars. This feature resem-
bles the bright dust emission source seen on the data at
the star positions. A sharper profile, rising more rapidly
close to R = 1, would certainly reduce the brightness of
this diffuse emission, as observed for the two previous
configurations. However, given the large uncertainties
on dust grain sizes or the properties of the destructing
flare, we assume this dust density shape as a toy model
to test the wind scenario.
We note that also for the wind model we do not recover
the ring morphology in the case the stars are located
outside the cavity region. The dust emission SED of the
ring predicted in the case the stars are located inside
the cavity region is shown in Fig.7 (right panel). The
model is able to fit the total fluxes at 16 and 24µm (see
also integrated fluxes in Table 4). This result confirms
that a density of nH ∼ 1000 cm
−3 at the position of the
border of the cavity region is necessary to fit the data,
independently of the assumed dust distribution.
3.4. Comparison of the average surface brightness
profiles for the high density models
In order to gain more quantitative insight on the simi-
larities in morphology between the ring-like emission on
the data and on the model maps, we compared aver-
age surface brightness profiles derived from the maps.
We limited this comparison with the data to the mod-
els with the highest density (that is, nH = 1000 cm
−3),
which are the only ones able to reproduce the total ring
emission flux (see above). We derived the average sur-
face brightness profiles in the following way. Firstly,
we masked the emission from the brightest stars on the
data maps and the corresponding regions on the model
maps. Then, from the background-subtracted maps, we
derived average profiles by averaging the values of the
non-masked pixels within elliptical rings with same cen-
tre, axis-ratio and orientation as the infrared ring on the
data. Finally, we normalized all profiles to their max-
imum value. The surface brightness profiles so derived
at 16 and 24µm are shown in Figure 8 for the data and
the high density RT models for all the assumed dust
density distributions. The radial distance Rmap on the
x-axis corresponds to the length of the semi-major axis
of the elliptical rings used to derive the profiles.
From both the 16 and 24µm profiles several interesting
features are evident. For radii larger than ∼1.2 pc, the
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Figure 7. Dust emission SED of the ring for the elliptical shell model (left panel) and the elliptical cavity model (central panel)
and for the elliptical wind model (right panel) for two values of the gas density (nH = 100− 1000 cm
−3) and b/a=2.
Table 5. Average discrepancies for the model profiles in
Fig.8∗
Model ∆(16µm) ∆(24µm)
Rmap <1.2 Rmap >1.2 Rmap <1.2 Rmap >1.2
SHELL 4.2 7.1 1.5 8.1
CAVITY 7.8 2.6 4.7 1.5
WIND 18 1.2 14 2.2
∗ The tabulated discrepancies are calculated with respect
to the data surface brightness profiles and are in units
of the data background noise σ. The averages are
shown separately for Rmap <1.2 pc and Rmap >1.2 pc.
profile for the shell dust distribution ends too sharply
and it is thus unable to reproduce the tail of the emis-
sion observed on the data, which is much more extended.
On the other hand, the tails of the profiles for the cavity
and wind dust distributions decrease in a smoother way
that is much closer to that observed on the data (see also
average discrepancies in table 5). This finding implies
that a thin dust shell is not able to reproduce the ring
emission profile. Thus, the presence of a large amount
of dust beyond the outer edge of the cavity is required.
Furthermore, the comparison for the inner part of the
emission profiles (R≤1.2 pc) shows that the wind dust
distribution gives rise to excess emission inside the ring,
which is incompatible with the data. A sharp rise of
the dust distribution at small radii provides much bet-
ter agreement with the data (see table 5). The preferred
dust distribution is of an almost dust-free cavity with a
sharp transition to a dust rich environment. Beyond
the cavity the dust and/or interstellar medium densities
decrease as a function of distance slower than the R−2
wind-model.
4. DISCUSSION
We have performed several dust RT calculations as-
suming elliptical dust shell/cavity geometries as well as
a disrupted wind profile, and by positioning the two
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Figure 8. Normalized surface brightness profiles of the data
and the nH = 1000 cm
−3 models with stars inside the cavity.
The profiles have been derived by averaging over elliptical
rings with same axis ratio and orientation as the infrared
ring on the data maps.
supergiants stars inside or outside the dust cavity. We
have found that the dust ring morphology, similar to
that found on the Spitzer data of SGR1900+14, is re-
covered only in the cases where the stars are inside the
cavity. Furthermore, we approximately reproduce the
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total integrated fluxes at 16 and 24µm only by assum-
ing a gas density of nH ∼ 1000 cm
−3 for all the dust
geometries we assumed. The corresponding mass of the
dust responsible for the ring emission is Mdust ∼2M⊙.
Given these results, the first question to ask is whether
or not the models that reproduce the observed dust
emission morphology and total flux are realistic or not.
In particular the gas density, implied by our modelling
to explain the Spitzer infrared luminosity by dust illu-
mination, appears to be very high compared to that of
the diffuse galactic ISM. Before discussing the possible
nature of this high density, we first clarify what assump-
tions/parameters in our modelling might have caused an
artificial high gas density, not representative of the real
ISM density around the magnetar. Firstly, we point out
that the gas density is not measured directly from the
gas emission but inferred from the dust density divided
by a dust-to gas ratio of 0.00619 (which is characteristic
of the assumed Milky Way dust model, see section 2.5).
However, this dust-to-gas ratio, representative of the kpc
scale ISM of the nearby Milky Way regions, presents sig-
nificant local variations in the ISM (see e.g. Reach et al.
2015). Furthermore, since the assumed size distribution
of the grains is also representative of the local Milky
Way, this also has an effect on the derived dust density.
In fact, the MIR emission in our modelling is mainly
produced by small grains (sizes a ∼ 10−3 − 10−2 µm)
which are stochastically heated. If the grain size dis-
tribution is more skewed towards smaller grain sizes,
compared to the one we are assuming, this would re-
quire significantly less dust mass to reproduce the ob-
served MIR emission. The grain size distribution is
known to be affected by both dust destruction and for-
mation processes, but it is not possible to constrain it
further with our observations. On the other hand, we
also note that if the cavity has been created by dust
destruction, the grain size distribution there should in-
stead favour the presence of large dust grains rather than
small ones (Waxman & Draine 2000; Perna & Lazzati
2002). In fact, a number of studies (Fruchter et al.
2001; Perna & Lazzati 2002; Perna, Lazzati & Fiore
2003) have shown that the X-ray flux is more effective
at destroying small grains than larger ones. The precise
evolution of the dust grain distribution is dependent on
both the spectral shape and overall intensity of the il-
luminating source, on the composition of the grains, as
well as on the relative importance of the processes of
X-ray Heating, Coulomb Explosion and Ion Field Emis-
sion, the last two of which being particularly uncertain
(Fruchter et al. 2001; Perna & Lazzati 2002). How-
ever, even within these uncertainties, all the models
generally predict that smaller grains will be destroyed
to larger distances than larger ones2. Therefore, there
would be a region in which only selective destruction
took place, leaving behind a dust distribution skewed
towards large grains. At the inner edge the distribu-
tion would be skewed towards big grains, progressively
changing into the undisturbed (pre-burst) distribution
at larger distances. An attempt at modeling these ef-
fects would be worthwhile if the quality of the data were
to allow a comparison with observations, but this is not
possible with the current data.
Finally, in our modelling we only assumed the two
supergiant stars, the most luminous stars in the field, to
be heating the dust shell/cavity. However, other sources
of radiation might well play a role (e.g. other fainter
stars within the cavity) and, in this case, the needed gas
density to match the observed fluxes would be lower.
On the other hand, note that the constant ∼ 1034 erg/s
X-ray luminosity emitted by the magnetar is too low
to power the dust emission. In fact, the wavelength–
integrated dust emission luminosity for the models that
fit the MIR fluxes is in the range 3.7-4 ×1035 erg/s. An
additional mechanism to heat the dust is also collisional
heating in hot plasma, where the dust is heated by the
collisions with high energy electrons. This is expected if
the dust is embedded in shocked gas with temperatures
of order of 106 K. However, in this case we might expect
to see an X-ray diffuse emission from the hot gas around
the magnetar as well, which is not observed.
Vrba et al.(2000) argued that SGR 1900+14 is associ-
ated with a cluster of young stars (much fainter in appar-
ent magnitude than the two M supergiants we consid-
ered in our modelling) which are probably embedded in a
dense medium. This interpretation is qualitatively con-
sistent with our results. As proposed by (Wachter et al.
2008), the 1998 Giant Flare could have produced the
cavity by destroying the dust within it. Assuming a
constant dust density within the cavity region, corre-
sponding to nH=1000cm
−3, we estimated a total dust
mass of order of 3M⊙ that was plausibly present be-
fore being destroyed by the flare. An energy of about
E ∼ 6× 1045erg would suffice to destroy this amount of
dust, consistent with the estimates by (Wachter et al.
2008) based on Eq. 25 in Fruchter et al. (2001). The
size of the region with destroyed dust would be larger for
2 If Coulomb Explosion dominates, then the distance to which
grains of size a are destroyed by a source with energy spectral
index α scales as a−0.5−α/3 if grain charging is limited by inter-
nal energy losses, or as a−1−α/2 if limited by the electrostatic
potential.
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smaller grains, as discussed above. In this scenario, the
high density we derived would be similar to the high
density ISM around the magnetar. Furthermore, we
note that high density of the ISM (nH=10
5–107 cm−3)
has been found in the environment surrounding GRBs
(Lazzati & Perna 2002), which should be similar to that
where magnetars are located.
The wind model we considered was meant to be sim-
ilar to the scenario where the dust distribution outside
the cavity was mainly determined by the wind of the
magnetar progenitor while internally disrupted by the
Giant Flare. However, gas densities at 1pc distance in a
typical stellar wind are expected to be several orders of
magnitudes lower than those we found (nH ∼ 1 cm
−3,
estimated from the mass-loss rates M˙ of Kudritzki
(2002) assuming nH ∝ M˙/v/r
2 with v = 1000 km/s).
Thus, this last scenario is unlikely if the ring density is
indeed so high.
Another possibility is that the dust emission ring is the
infrared emission from the supernova remnant (SNR) of
the magnetar progenitor. The dust mass associated with
the shell model with nH=1000 cm
−3 is Mdust=1.9M⊙,
which is a factor 3–4 higher than the measurement of
dust mass around SN1987 by Matsuura et al. (2011,
0.4–0.7 M⊙). However, given the large uncertainties in
the inferred dust masses, and that our value for the dust
density might have been overestimated because of the
reasons given above, it may well be that the amount
of dust needed for the shell model is compatible with
that of SNRs. The SNR scenario was also considered
by (Wachter et al. 2008) but discarded because of the
lack of observed radio and X-ray emission from the ring.
However, if we consider i) the IR/X luminosity ratio
of ∼ 10−1 − 102 measured by Koo et al. (2016) for
many SNRs, ii) the total IR luminosity of the ring in
our models (∼ 4 × 1035 erg/s), and the X-ray detection
limit for the ring (∼ 2× 1033erg/s in the 2–10keV band
Wachter et al. 2008), this structure is still compatible
with being a SNR with high IR/X ratio.
On the other hand, we can also compare the 24µm lumi-
nosity with the expected X-ray luminosity, according to
Figure 12 of Seok et al. (2013), which studied a sample
of SNR in the Large Magellanic Cloud. If the magne-
tar was located at the distance of the LMC (50 kpc),
we would have νFν(24µm) = 1.5 × 10
−10 erg/s/cm2,
and the relative expected X-ray flux would be 2 ×
10−10 erg/s/cm2. This would translate in an intrinsic
X-ray luminosity of ∼ 6× 1037 erg/s, which should have
been clearly detected in the case of the SGR 1900+14.
Hence, given the information we have at hand we can-
not discard the SNR scenario on the base of the ob-
served IR/X-ray luminosity ratio, although it would
be a rather peculiar remnant compared with what we
see around other Galactic pulsars or magnetars (Green
1984; Martin et al. 2014).
However, if we also consider the shape of the normal-
ized average surface brightness profiles, shown in Fig.8,
this provides a strong evidence that 1) there is very lit-
tle amount of dust inside the cavity and 2) the emitting
dust is much more extended than a simple thin shell.
These findings are compatible with the scenario where
the cavity has been produced by the Giant Flare within a
high density medium. However, the SNR scenario would
still be acceptable in the case the transition in density
between the shell and the surrounding ISM is smoother
than what we assumed in our modelling.
Regardless of the origin or the exact distribution of
the illuminated dust, or the exact nature of the dust
free cavity, our models show that we are able to ob-
serve this illuminated dust structure only because of two
favourable characteristics: 1) the high dust density in
the local region, and 2) the illuminating stars coinciden-
tally lay inside the shell. Similar dust structures might
potentially be present around many other magnetars or
pulsars but they would be invisible to us because of the
lack of either one of the two above local properties of
this particular object.
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